exchange between the susceptible and the resistant strains.
Cadmium is a highly toxic divalent cation with no known biological function (14) . Cadmium resistance is the most common resistance determinant found on resistance plasmids (R plasmids) of Staphylococcus aureus, occurring at frequencies of 80% or greater in some some clinical collections (10, 16, 17, (20) (21) (22) . Resistances to antibiotics and to other heavy metals occur at somewhat lower frequencies. Plasmiddetermined resistance is governed primarily by two genes on the plasmids. The cadA gene has been mapped on a number of plasmids (25, 27, 34) and causes an approximately 100-fold increase in Cd2" resistance (27) . Some plasmids have an additional gene, cadB, which maps quite distantly from the cadA locus (26, 34) . In the presence of cadA+, there is no additional resistance conferred by cadB+ (34) . However, in cadA mutants the cadB+ locus provided a smaller (10- fold) increase in Cd2" resistance (26) .
Cadmium resistance is associated with a lowered level of uptake of Cd2" by the resistant, plasmid-containing cells (6, 33, 35) . Protoplasts of resistant cells retain the barrier to Cd2" uptake (7) , suggesting that the cell membrane is involved in the barrier function. The process of uptake in susceptible cells is energy dependent, and it seems possible that the resistance barrier involves an active transport process such as is known for physiologically required divalent cations such as Mg2+, Mn2", and Zn2+ (4, 15, 29, 31, 32) . Altematively, Chopra (7) has favored t Present address: Department of Bacteriology, University of California, Los Angeles, CA 90024 . 856 models attributing Cd2" resistance to altered barrier proteins or lipids. We have pursued studies of Cd2" uptake in S. aureus and concluded that Cd2" is accumulated by the highly specific Mn2+ transport system of the cells that is altered by the Cd2+-resistance genes of the plasmids.
MATERIALS AND METHODS
Bacterial strains and media. S. aureus strains RN23 (with plasmid pI258), RN1008 (with plasmid p1258 with the cadA52 mutation leading to cadmium susceptibility), and RN1 (without a plasmid) were the three strains used in most experiments. Results were confirmed and extended in experiments with S. aureus strains containing different plasmids: RN895 (plasmid pII147); U71 (plasmid pU71), and RN4 (plasmid pI524). The strains and plasmids were previously described (24, 26, 27, 29, 30, 36) . Plasmid pI258 has a single known locus, cadA, affecting cadmium resistance (26, 34) . Plasmid pII147 contains both a major determinant of cadmium resistance (cadA) and a determinant of low-level resistance to cadmium (cadB), which can be observed only in the presence of a nonfunctional cadA mutation (34) . To measure separately the effects of the cadA and cadB loci on radioactive cadmium uptake, strains with mutant pII147 plasmids were used: RN895 (cadA+ cadB+); RN1427 (cadA114 cadB4); RN966 (cadA114 cadB+), and AW1 (cadA+ cadB4), a revertant of RN1427 selected on nutrient agar containing 500,1M Cd2". (34) found that the strain with the PII147 cadA cadB double mutant plasmid was slightly more susceptible to cadmium than the plasmidless strain when tested by liquid growth tests with inocula about 1,000 times lower than we have used.
Decreased Cd2" uptake at low temperature (400) and in the presence of inhibitors of energydependent processes is shown in Fig. 2 for the plasmidless strain RN1. Cd2" uptake appeared to be a saturable function of added Cd2" (Fig. 3 ). (Fig. 3 and 4) , we saw accumulation of cadmium by the resistant as well as by the susceptible strains. Chopra (6, 7) found a quantitatively greater difference in uptake between the susceptible and resistant cells. The low-level uptake of Cd2t by resistant cells was inhibited by energy poisons (data not shown). However, since growth occurred in our assay broth in the absence of Cd2t, and the resistant cells would show more growth than the susceptible cells, we can attribute some of this Cd2 uptake to cell-surface binding by an increasing cell mass. Assays in glycylglycine buffer in the absence of growth also showed some residual uptake of Cd2t by the resistant celLs. Thus the permeability barrier previously reported (6, 7) does not seem to be complete in the resistant strains. The Km and Vm. values varied from day to day. Chopra (personal communication) was also unable to obtain consistent kinetic parameters. In spite of the two-to fourfold range in kinetic values (primarily in the V..), there was consistently less uptake by the resistant cells in careful side-by-side comparisons. Difficulties in reproducing kinetic data with susceptible S. aureus could be due to the toxic nature of cadmium and to nonspecific binding of the Cd2t ion to cell walls and to glassware (14) .
There was no significant difference in Cd2t resistance (Fig. 1) or uptake between the plasmidless S. aureus and the S. aureus strain with the cadA mutant variant of plasmid pI258 (Fig.  3) . With plasmid pII147, one could distinguish between the levels of Cd2t uptake affected by the different genes (Fig. 4) (Fig. 4) consistent with its intermediate level of Cd2`resistance ( Fig. 1; 34) .
Specificity of Cd2 uptake. Specificity of Cd2+ uptake was tested by measuring the effects of other divalent cations on Cd2t uptake and retention and the effects of Cd2t on the uptake and retention of other cations. Neither 1 mM Ca2t nor 1 mM Mg2+ affected the uptake or retention of 1"Cd2" (Fig. 5A) the accumulated Cd2". The addition of excess nonradioactive Cd+ caused the loss of 50% of the radioactivity from the cells (Fig. 5B) .
The results of testing Cd2" inhibition of uptake and stimulation of exit of other divalent cations were more clear-cut. Cd2" specifically inhibited the uptake of radioactive 'Mn2" by the susceptible cells (Fig. 6A ) but was without effect on Mn2" uptake by resistant cells. Similarly, Cd2" simulated the loss of 'Mn2" from susceptible but not from resistant cells (Fig. 6B ).
This effect of Cd2+ was highly specific for Mn2" uptake and retention. Cd2" did not differentially inhibit 2Mg2s uptake with susceptible and with resistant cells (Fig. 7A) , and Cd + was without effect on 2Mg2+ retention (Fig. 7B) . With 6Zn-labeled cells, Cd2" caused a slight inhibition of uptake equal in both susceptible and resistant cells (Fig. 7C ) and slight but equal loss of accumulated 5Zn2" (Fig. 7D) . Because of the known difficulties determining Zn2+ active transport in microbes (12) and the substantial evidence for interactions between Cd2" and Zn2+ in microbial and mammalian cells (12, 13) , the negative results with regard to Zn2+ and Cd2" should be considered tentative. Cd2" at 50 uM was also essentially without effect on the uptake and retention of Rb+, 1'Co2", or 'Ni2+ (data not shown). These results suggest a specific interaction of Cd2" with the Mn2+ transport system, and we proceeded to look at the kinetics of this inhibition.
Cd2+ uptake appeared to be a saturable function of extemal Cd2+ (Fig. 3) , but the limited Cd21 was added to half of each culture as indicated. Fig. 8 and additional data) , is not consistent with a simple model oftwo alternative substrates (and competitive inhibition) for a common transport mechanism. Cd2" inhibited Mn2" uptake more strikingly (Fig. 6A) than the converse. When the data from such experiments were forced to fit a kinetic model with either Lineweaver-Burk plots (Fig. 8) or Dixon plots (data not shown), it appeared possible that Cd2" is a competitive inhibitor of Mn2" uptake with a Ki of about 10 ,uM Cd2" for the susceptible cells and a Ki much greater than 50 ,iM Cd2" for the resistant cells. Repeated experiments with varying experimental conditions failed to produce more definitive data. DISCUSSION Plasmid-determined resistance to cadmium has been found only with S. aureus (6, 7, 35) . We never observed increased resistance to cadmium associated with any of the Escherchia coli and Pseudomonas aeruginosa plasmids that were tested. Part of the reason for this may be the inherently greater resistance to cadmium shown by E. coli and P. aeruginosa even in the absence of plasmids (9, 22) .
Although it has been recognized for several years that the mechanism of resistance to cadmium occurs at the membrane level (7), the molecular basis for this resistance is not established. Chopra (7) hypothesized that the decreased level of uptake of cadmium by the resistant cells might be due to changes in the lipid structure of the membrane in the resistance cells. However, he could find no difference in the membrane lipids (7). Chopra also reported that he could find no difference in the membrane proteins between the susceptible and resistant strains with one-dimensional gel electrophoresis. In our hands, both one-dimensional and twodimensional (1, 28) gel electrophoresis revealed the presence of new proteins in the membranes of the plasmid-bearing strains. Unfortunately, careful analysis of membranes from various point mutants in cadA and cadB, and from mutants deleted in the cadA region, failed to establish a consistent relationship between any of these proteins and either of the cadmium resistance alleles. If there are such cad-related proteins, they may be very minor membrane constituents beyond our limits of resolution, or ANTIMICROB. AGENTS CHEMOTHER.
perhaps the proteins are lost during the membrane isolation. Only subsequent experiments will clarify this situation. Attempts to measure Mn2+ (2, 3), Cd2 , or amino acid (30) transport in membrane vesicles from S. aureus were consistently unsuccessful, as well.
The specific effect of cadmium on the manganese transport in the susceptible cells and the lack i-f effect of cadmium on manganese transport in the resistant cells point to an energydependent manganese transport system as the primary avenue of entry of cadmium into S. aureus cells. In cells containing the plasmiddetermined resistance gene for cadmium, the manganese transport system no longer accepts cadmium as an alternate substrate. None of the other cation uptake systems tested showed a difference between the susceptible and resistant strains. This specificity is in keeping with the known specific nature of the cation transport systems that have been studied primarily in other bacteria, but which appear to be quite similar in S. aureus (11, 15, (5, 13, 14) . Novick and Roth (27) showed that the resistance plasmids studied here also confer three fold resistance to Zn2+, and that mutants isolated as Cd2+ susceptible also became Zn2+ susceptible. Furthermore, the basic chemistries of Cd2+ and Zn2+ are rather similar to one another, whereas those of Cd2+ and Mn2+ are rather different. Yet Zn2+ had little effect on Cd2+ uptake and retention (Fig. 5) , and Cd2+ had little effect on Zn2+ uptake and retention ( Fig. 7C and D (8, 18) . Although a membrane protein associated with tetracycline resistance has been identified (8, 37) , the role of this protein in decreasing tetracycline uptake by cells is not known.
Whereas plasmid-gene-determined Cd2' resistance has been reported only with S. aureus (10, 16, 17, 20, 35) , and no specific cases of chromosomal-gene-determined Cd2+ resistance are known, different bacterial species differ in inherent resistance to Cd2+ (e.g. 9). Furthermore, there is a report by Mitra et al. (19) of "accommodation" to high cadmium levels in E. coli. This resistance was not genetically based, in that growth without Cd2+ led the cells to become Cd2+ susceptible again (19) . The mechanism of accommodation in E. coli appeared to involve a permeability block (19 
